Harbours and their adjacent seas are increasingly stressed by maritime activities and development of coastal cities worldwide. This is especially true for the Lagos Harbour. The aim of this study was to investigate the trophic status, nutrient stoichiometry and phytoplankton assemblage of Lagos Harbour and the adjacent sea. Water and plankton samples were collected for a period of eighteen months from January 2015 to June 2016 between 06.00 and 11.00 hrs each time. Phytoplankton samples were investigated using a Leica DMLB microscope with 100x full oil immersion optics and 1.35 numerical aperture equipped with a Nikon Coolpix 995 CCD digital camera of 3.3 megapixel resolution. Relevant statistical tests such as Principal Components Analysis (PCA) were employed to determine major controlling water quality indices and Canonical Correspondence Analysis (CCA) for determination of the water quality indices that influenced the monthly and spatial phytoplankton occurrences. A total of 108 phytoplankton taxa belonging to five classes were recorded in this study. Bacillariophyceae comprised eighty-four (84) taxa (78%), Chlorophyceae had two (2) taxa (2%), Cyanophyceae were represented by 11 taxa (10%), Dictyochophyceae had one (1) taxon (1%) and Dinophyceae had 10 taxa (9%). CCA revealed a clear seasonal pattern; it also showed that phosphate was the major controlling factor in the Lower Lagos Harbour and the creeks in the months of July, August and September 2015. Trophic state index (TSI) using Carlson's indices revealed eutrophic to hypereutrophic conditions. The comparison of ambient nutrient ratios with Redfield ratio (N:P = 16:1) revealed clear spatial and temporal variations in the Lagos Harbour and adjacent sea. The significant difference shown by phosphate in the wet season could be linked to allochthonous and autochthonous inputs from rainfall.
INTRODUCTION
The aquatic ecosystems are a precious resource, essential to humanity, and also to the function of our planet (Castro and Huber, 2005) . The biodiversity, high productivity and ecosystem services provided by tropical coastal systems are noteworthy (Onyema, 2009 ). However, increasing population and utilization/exploitation of resources have subjected coastal ecosystems to many environmental challenges from humaninduced impacts. Notably, harbours and their adjacent seas are increasingly stressed by maritime activities and development of coastal cities worldwide.
The Lagos Harbour is no exception in these regards, as worthy of note is the indiscriminate dredging and sand mining activities in the Lagos lagoon. There has also been an unprecedented land reclamation in this coastal water for the ongoing development of the Eko Atlantic City. The effects of these anthropogenic activities could negatively impact the water quality indices and thereby interfere with the natural composition of aquatic bio-forms. Phytoplankton are sensitive bio-indicators of ecosystem general health, its nutrient status, eutrophication, pollutants and other anthropogenic impacts in aquatic environments (Barbosa et al., 2010) .
In particular, these organisms respond rapidly to wide range of pollutants and thus, can provide potentially useful early warning signals of deteriorating conditions and the possible causes (Graham et al., 2009) . The occurrences and density of different types of species of phytoplankton in the bodies of water are usually affected by water quality. The fundamental indicators of water quality are its physical (total dissolved solids, total suspended solids and water temperature) and chemical (chemical oxygen demand, dissolved oxygen, nutrients, pH and salinity) properties which are usually affected by the inputs entering into the aquatic ecosystem https://dx.doi.org/10.4314/ijs.v21i3.12 (Falkowski et al., 2008) . This study aims at investigating phytoplankton species diversity and determine the factors influencing their abundance and distribution in the Lagos Harbour.
MATERIALS AND METHODS Study Area
Lagos lagoon is an open tidal estuarine ecosystem situated within the low-lying coastal zone of Nigeria. It is located at the eastern part of the Lagos lagoon complex. It lies parallel to Epe lagoon and extends from part of Lekki lagoon. It falls within the rain forest belt characterized by a well-marked wet (May -October) and dry (November -April) seasons (Nwankwo, 2004a; Onyema, 2009; Chukwu, 2011; Edokpayi, 2017 
Plankton Samples
Samples were collected using standard plankton net of mesh size 55 µm. The plankton net was towed horizontally from a motorized boat at low speed (< 4 knots) for 5 minutes and the filtered plankton were emptied into well-labelled plastic container with a screw-cap. The plankton samples were preserved with 4% formalin and transferred to the laboratory for further analysis as described by Nwankwo (2004b) and Julius and Theriot (2010) .
Microscopic Analysis of Phytoplankton
In the laboratory, fixed phytoplankton samples were allowed to settle and concentrated to 50 ml. The samples were investigated using a Leica DMLB microscope with 100x full oil immersion optics and 1.35 numerical aperture equipped with a Nikon Coolpix 995 CCD digital camera (3.3 megapixel resolution). Phytoplankton a b u n d a n c e w a s e s t i m a t e d i n cells/filaments/trichomes per liter of seawater using a modified enumeration method described by Perry (2003) . Confirmation of species identification were done using relevant texts (Nwankwo, 2004b; Al-kandari et al., 2009; Alvarez-Blanco and Blanco, 2014) .
Statistical Analyses
Relevant statistical tests such as one-way Analysis of Variance (ANOVA) to determine the levels of variations in water quality parameters across stations; Principal Components Analysis (PCA) to determine major controlling water quality indices; Bray-Curtis Analysis of Similarities (ANOSIM) to determine cohorts in study sites; Canonical Correspondence Analysis (CCA) and Pearson's correlation coefficient for determination of the water quality indices that i n f l u e n c e d t h e m o n t h l y a n d s p a t i a l phytoplankton occurrences were employed. All statistical analyses were done using Excel, Paleontological Statistics (PAST) (Hammer et al., 2001) and Statistical Package for Social Sciences (SPSS). (1)
Stoichiometric Nutrient Limitation
The Redfield Nitrate: Phosphate ratio of 16:1 was used as a benchmark for differentiating Nitratelimitation from Phosphate-limitation. This ratio assumes that phytoplankton is Nitrate-limited (Nlimited) at N:P < 16 and that it is Phosphatelimited (P-limited) at N:P > 16.
RESULTS

Physicochemical Properties of Surface Waters
The mean variations and analysis of variance (ANOVA) of physicochemical parameters of the surface water in the Lagos Harbour and adjacent sea during wet and dry seasons of the sampling period are presented in Phytoplankton Species Diversity and Abundance A total of 108 phytoplankton taxa belonging to five classes were recorded in this study. Bacillariophyceae (diatoms) comprised eightyfour (84) taxa (78%), Chlorophyceae (green algae) had two (2) taxa (2%), Cyanophyceae (blue-green algae) were represented by 11 taxa (10%), Dictyochophyceae (silicoflagellates) had one (1) taxon (1%) and Dinophyceae (dinoflagellates) had 10 taxa (9%).
Generally, diatoms were found to be the most abundant group across seasons for all stations (Figures 3 and 4) . However, in the wet season, Ijora, Badagry, Lighthouse and Five-cowrie creeks recorded higher numerical abundance of cyanobacteria compared to other phytoplankton group. In terms of numerical abundance, Badagry creek recorded the highest number of species. Tables 3 and 4 are the diversity indices for dry and wet seasons respectively. In the wet season, the Lighthouse beach 2 (in the sea) was found to be the most diverse in terms of species.
However, the creeks had the most diverse composition of phytoplankton species in the dry season. At taxon level, of ecological concern was the bloom (30,000-45,000 trichomes per ml) of a blue-green alga, Oscillatoria tenuis in the wet months of July, August and September, 2015 at Ijora, Badagry, Lighthouse and Five-cowrie creeks. The bloom was observed in August and September, 2015 at Lower Lagos Harbour. These blooms were responsible for the higher phytoplankton abundance recorded in the months of July, August and September, 2015 ( Figure 5 ).
Analysis of Similarities (ANOSIM) Based on Phytoplankton
Bray-Curtis analysis of similarity grouped the twelve sampling stations into three statistically 
Effects of Water Physicochemical Parameters on Phytoplankton
In order to identify the major factors which influenced phytoplankton distribution and abundance at study sites, various statistical tools were applied. Canonical Correspondence Analysis revealed a clear seasonal pattern; it also showed that phosphate was the major controlling factor in the Lower Lagos Harbour (LH), Ijora (IC), Badagry (BC), Lighthouse (LHC) and Five-cowrie (FC) creeks in the months of July, August and September, 2015 (Figure 7 ).
The results from Pearson's product coefficient between nutrients and abundance of phytoplankton are presented in table 5. There existed significant positive correlations between phosphate and the abundances of blue-green (Cyanophyceae) and green algae (Chlorophyceae); on the other hand, amount of phosphate had significant negative impact on dinoflagellates ( D i n o p h y c e a e ) a n d s i l i c o f l a g e l l a t e s (Dictyochophyceae). Silica had significant positive relationship with green algae; also, its effect on silicoflagellates was profoundly positive. Trophic State Index Trophic state index (TSI) using Carlson's indices revealed eutrophic to hypereutrophic conditions. Whereas stations such as Takwa Bay (TB), Commodore Channel (CC), Lighthouse Beach 1 and 2 (LHB1 and LHB2), Great Wall of Lagos 1 and 2 (GW1 and GW2) were found to be within the lower boundary of classical eutrophy (TSI = 50 -60), Lower Lagos Harbour (LH), Badagry (BC), Lighthouse (LC) and Five-cowrie creeks (FC) were observed to be hypereutrophic (TSI = 70 -80). On the other hand, Ijora creek was found to be extremely hypereutrophic with TSI of 83. Figure 8 shows the profile of trophic states for sampled stations in the Lagos Harbour and adjacent sea.
Stoichiometric Nutrient Limitation
The comparison of ambient nutrient ratios with Redfield ratio (N:P = 16:1) revealed clear spatial and temporal variations in the Lagos Harbour and adjacent sea. There was a high nitrate limitation during the wet months, however, stations in the sea (Lighthouse Beach 2, Great Wall of Lagos 1 and 2) and the harbour channel, with the exception of the creeks, experienced phosphate limitation in May and June, 2015. On the other hand, the dry months were seen to record spatial variations in nitrate-phosphate ratios. Figure 9 depicts the nutrient stoichiometry between nitrate and phosphate for the study sites. 
DISCUSSION
Over the years, ecological studies have shown that phytoplankton community structure respond to fluctuations in water quality parameters (Nwankwo, 2004a; Reynolds, 2006; Opute and Kadiri, 2013) . The physicochemical parameters investigated in this study from January 2015 to June 2016 clearly indicated seasonal changes that were closely related to the distributive pattern of rainfall for the West African region, which in turn, determined phytoplankton composition and abundance in the Lagos Harbour and adjacent sea.
According to Brown and Kusemiju (2002) , rainfall pattern in the tropics is responsible for the dry (November -April) and wet (May -October) seasons experienced in West Africa. Rainfall is also known to be the major controlling factor for the distribution of terrestrial and aquatic organisms in the tropics. The Principal Component Analysis from this study, reaffirmed the significant role that is played by rainfall in this region. The salinity regime of the study sites, during this investigation, ranged from low brackish to marine conditions (5.2 -32.3‰). According to Onyema (2008) , there is an existence of environmental gradient determined by salinity in the Lagos lagoon and adjoining tidal creeks. The low brackish water conditions recorded during the wet season and high brackish conditions recorded in the dry season may be attributed to environmental gradients typical of transitional zones.
Higher values of total suspended solids were recorded in the wet months. This observation is attributable to high levels of organic matters brought into the harbour by run-offs from adjoining wetlands. Total Dissolved Solids (TDS) levels in stations which are in closer proximity to the construction site of the Eko Atlantic city, were significantly higher than those reported for the stations with lesser proximity to this city in both dry and wet seasons. This could be attributed to the aftermath effects of massive sand-filling which took place for the ongoing construction of this city. This influence was reflected in the composition of phytoplankton species which was dominated by pennate diatoms such as Achnanthes brevipes, Achnanthes longipes, Cocconeis diaphana, Cocconeis littoralis, Cocconeis placentula and Tryblionella coarctata. These species are known to tolerate higher dissolved solids concentrations (Graham et al., 2009) . The significant difference shown by phosphate in the wet season could be linked to resuspension of sediments, which are known to be a haven for phosphate in aquatic ecosystems. A pointer to this was the observed highest value of total suspended value recorded in June 2015, which coincided with the peak of rainfall in the same month of that year.
The significant effects of phosphate in the wet months, which was reflected on the abundance of cyanobacteria species and the eventual bloom of Oscillatoria tenuis in July, August and September 2015 was noteworthy. This bloom was largely associated with the creeks adjoining the Lagos Harbour as revealed by the Canonical Correspondence Analysis. This could be attributed to sediment re-suspension as a result of dredging and sand-mining activities in the lagoon system. The relative dominance of diatoms (Bacillariophyceae) in terms of abundance and diversity in all stations and across seasons reported, in this study is in agreement with earlier works done in the Lagos lagoon system (Nwankwo, 2004a; Onyema, 2007; Balogun and Ladigbolu, 2010; Nwankwo et al., 2012) . Diatoms, which are known to be good indicators of coastal ecosystems (Julius et al., 2006; Graham et al., 2009) , were found to be dominated by tychoplanktonic forms which can tolerate varying degrees of salinity and dissolved solids unlike the typical purely marine planktonic species that were reported for the Lagos harbor by Hendey (1958) . From this observation, it could be inferred that habitat modification has altered phytoplankton composition in the Lagos Harbour and the adjoining water bodies.
Trophic status analyses using Carlson's Trophic State Index (TSI) showed eutrophic to hypereutrophic conditions. The hyper-eutrophic conditions observed at stations in close proximity to the lagoonal water could be as a result of the introductions of allochthonous inputs and human-induced autochthonous eutrophication. In eutrophic waters, blue-green algae are known to be prevalent (Graham et al., 2009; Opute and Kadiri, 2013) . On the other hand, frequent noxious algal blooms are features of hypereutrophic conditions (Carlson, 1977; Edmundson and Carlson, 1998) . The numerical counts of bluegreen algae from the present study are in agreement with the trophic assessments of eutrophic and hyper-eutrophic waters. The stoichiometric nutrient limitation which revealed a clear nitrate limitation in the wet months could be attributed to rapid utilization of reactive nitrogen and an excessive phosphorus supply which could have resulted from the effects of dredging and sand-mining activities following a heavy rainfall recorded in June 2015. In the dry months however, there were fluctuations in the ambient nutrient stoichiometry between nitrate and phosphate. These observations could be linked to varying degrees of environmental and humaninduced stress on sampled stations.
Contrary to earlier reports that nitrate is the limiting nutrient in coastal waters of Nigeria (Nwankwo, 2004a) , the present study revealed that seasonal and spatial patterns, as well as human activities are major factors influencing which nutrient will be limiting at any point in time.
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